Abbreviations used: FAM, formaldehyde, glacial acetic acid, and methanol; MeA, middle cerebral artery.
Summary: Hyperglycemia exacerbates neuronal injury in the setting of reversible brain ischemia, but its effect on focal thrombotic infarction has been less extensively characterized. We investigated this problem in two rat models of focal vascular occlusion. In Model I, the right middle cerebral artery (MeA) was exposed via a subtem poral craniotomy in halothane-and nitrous oxide-anes thetized Wistar rats and was occluded photochemically by irradiation with an argon ion laser following the intra venous administration of the photosensitizing dye rose bengal. Permanent MeA occlusion was combined with temporary bilateral common carotid artery ligation. In Model II, similarly anesthetized Sprague-Dawley rats were subjected to permanent photochemical occlusion of the right MeA without common carotid occlusion. In both models, rats were food deprived for 24 h and were administered varying amounts of 50% dextrose (or saline) 15 min prior to vascular occlusion to produce a spectrum of plasma glucose values, ranging from 5 to 44 f.1mollml. Brains were examined histologically 7 days following vascular occlusion, and computer-assisted planimetry was used to compute infarct volumes. In Model I, the volume of neocortical infarction ranged from 30.3 to 108.4 mm3 and exhibited a strong linear correlation with
In the setting of high-grade transient global brain ischemia, it is now generally accepted that elevated plasma glucose levels (in particular, when present prior to an ischemic insult) markedly influence out come (Siemkowicz and Hansen, 1978) and give rise to postischemic energy metabolite depletion Rehncrona et al. , 1981) , hypoperfusion increasing preischemic plasma glucose values (r = 0.70). In contrast, the size of the smaller striatal infarct in this model was not correlated with plasma glucose level. In Model II, there was a prominent striatal infarct, ranging in volume from 14.4 to 96.4 mm3, while neocortical in farction occurred inconstantly. As in Model I, striatal in farct volume in Model II showed no correlation with plasma glucose level. These results are consistent with the view that infarcted regions having collateral circula tion [neocortex in MeA occlusion (Model I)] are vulner able to the deleterious effects of hyperglycemia, whereas regions of nonanastomosing (end-arterial) vascular supply are not [striatum in Models I and II, and neo cortex in previously reported model of photochemically induced primary microvascular thrombosis (Ginsberg et aI., 1987) J. Thus, the harmful effects of elevated plasma glucose in stroke appear to be complex and may depend critically upon the degree to which collateral perfusion is available to the specific brain regions affected, as well as the extent to which local blood flow is reduced and the timing of glucose administration. Key Words: Hypergly cemia-Ischemic stroke-Middle cerebral artery occlu sion-Photochemistry -Rat. , marked degradation of neu ronal cell structure, and widespread cerebral ne crosis and brain edema (Myers and Yamaguchi, 1977; Kalimo et al., 1981; Pulsinelli et al., 1982; Paljarvi et al., 1983) . Increases in brain glucose levels are thought to mediate these effects via ac centuated tissue lactic acidosis during and fol lowing ischemia Rehncrona et al. , 1981; Siesj6, 1981; Kraig et al. , 1985) . It has been suggested that tissue acidosis may potentiate injurious oxygen radical species Siesj6 et al., 1985) .
Although the effects of hyperglycemia in revers ible global ischemia have been extensively studied, there have been far fewer comparable investiga tions of focal ischemic cerebral infarction. Brint et ai. (1985) noted increased infarct volume in a hy perglycemic rat model of middle cerebral (MCA) and common carotid artery occlusion. More re cently, elevated plasma glucose levels were shown to increase mortality in MCA occlusion in the cat (de Courten- Myers et ai. , 1987; Myers et ai. , 1987) . Hyperglycemia at the time of (but not following) MCA occlusion increased infarct size significantly (de Courten- Myers et ai., 1987) , whereas hypergly cemia following MCA occlusion led to increased mortality from hemispheral edema (Myers et aI. , 1987) . The deleterious effect of chronic (but not acute postocclusion) hyperglycemia on overall hemispheral infarct size is supported by a recent study of MCA occlusion in diabetic rats (Neder gaard and Diemer, 1987 ), but regional infarct volumes were not separately quantitated. Addition ally, N edergaard (1987) showed that even with 10-15 min of MCA occlusion, hyperglycemia in creased infarct volume and converted areas of striatal neuronal injury into zones of infarction.
By contrast, we obtained apparently conflicting results in a model of photochemically induced thrombotic neocortical infarction in Wistar rats (Ginsberg et ai., 1987) . In that study, elevated preischemic plasma glucose levels failed to worsen infarct size, but rather were associated with a modest but significant reduction of infarct volume.
In an effort to resolve these discrepant findings regarding the influence of hyperglycemia in the set ting of focal brain infarction, the present studies were undertaken in two different rat models of focal vascular occlusion: (a) permanent MCA and temporary bilateral common carotid occlusion in the Wi star rat, resulting predominantly in neocor tical infarction with a small striatal component; and (b) permanent MCA occlusion in the Sprague Dawley rat, an insult giving rise to a large striatal infarct. Our data demonstrate that while infarct volume of the neocortex (a collaterally perfused structure) is worsened by preischemic hypergly cemia, infarction of the striatum (a structure with end-arterial perfusion) remains unaffected. Our re sults have been reported in abstract form (Prado et ai., 1987) .
METHODS

MeA occlusion: Model I
Food-deprived male Wistar rats weighing 275-350 g were used in these experiments. Anesthesia was induced with 3% halothane and was maintained with 1.5-2% halothane, 70% nitrous oxide, and a balance of oxygen delivered via a closely fitting cellophane facemask. Poly-ethylene catheters were inserted into a femoral artery and a femoral vein. Rectal temperature was monitored via a thermistor and maintained at 3TC via a water-filled heating pad placed beneath the animal. Arterial blood pressure was continuously monitored via a pressure transducer (Statham), and arterial blood samples were taken intermittently for assay of blood gases and plasma glucose. The common carotid arteries were exposed bi laterally and were surrounded by ligatures fashioned from polyethylene PE-50 tubing fitted within double-bar reled Silastic tubing. Rats were positioned in a stereo taxic frame. The right temporalis musculature was re flected anteriorly, and a 2 x 2-mm subtemporal crani otomy was carried out with the aid of a high-torque drill under a dissecting microscope. The MCA was exposed at the level of the olfactory tract (Tamura et aI., 1981) , but the dura was left intact.
Following MC A exposure, the photosensitizing dye rose bengal (l mg in 0.133 ml saline per 100 g animal weight) was administered intravenously. The right MCA, at a point just distal to the rhinal branch, was irradiated for 5 min with light from a tunable argon ion laser (Lexel model 95; Cooper LaserSonics, Santa Clara, CA, U.S.A.), operated at 514.5 nm in the Gaussian mode at a continuous power level of 25 mW. Two crossed cylin drical lenses, each of 30-cm focal length, were used to ensure a beam configuration that spanned the entire MC A diameter and extended -0.5 mm along its length. The occluded MCA segment was readily visible through the dissecting microscope as a bloodless segment. Fol lowing MC A occlusion, the common carotid arteries were occluded bilaterally by tightening the snare ligatures (Chen et aI., 1986) . The duration of ipsilateral common carotid artery occlusion was 2 h, while the contralateral common carotid artery was occluded for 1 h. Following release of the occlusions, the carotid arteries were in spected to ensure patency. All incisions were closed in layers, and rats were returned to their cages and given free access to food and water until death 7 days later.
MCA occlusion: Model II
In Model II, male Sprague-Dawley rats weighing 275-350 g were used. The details of anesthesia, catheter ization, and physiological monitoring are identical to those described for Model I (see above). The right MCA was exposed via a subtemporal craniotomy (with the dura intact) as previously described, and animals were in jected with rose bengal intravenously. The tunable argon ion laser was focused via 20-and 30-cm focal length crossed cylindrical lenses on the MCA segment just proximal to the rhinal branch. Five minutes of irradiation was required for complete occlusion of the MCA. In this model, the common carotid arteries were not exposed or occluded. As in Model I, incisions were closed following photochemical occlusion of the MCA, and animals were returned to their cages and given access to food and water until death at 7 days.
Production of hyperglycemia
All animals were food deprived for 24 h prior to MCA occlusion. In animals to be rendered hyperglycemic, a 50% dextrose solution was injected intraperitoneally 15 min prior to MCA thrombosis in a volume ranging from 0.9 to 2.5 ml. This procedure produced a broad spectrum of plasma glucose values. Control rats received compa rable volumes of saline intraperitoneally. Studies in nor-moglycemic control rats were alternated with studies in hyperglycemic animals throughout the course of these experiments.
Histological evaluation and planimetric analysis
Brains were prepared for histopathologic examination 7 days after MeA occlusion. Rats were anesthetized with halothane and perfused transcardially with a mixture of formaldehyde, glacial acetic acid, and methanol (FAM) (1:1:8 by vol) delivered at 100-110 mm Hg for 20 min. This was preceded by a I-min saline flush. Following im mersion of the heads in FAM at 4°C overnight, brains were removed and coronal brain blocks were embedded in paraffin and dehydrated. Te n-micron-thick histological sections were prepared at 960-f.Lm intervals and stained with hematoxylin and eosin.
Computer-assisted planimetry was used to quantitate the area of infarction on multiple coronal sections span ning the anteroposterior extent of the infarction. Analysis was carried out blindly without knowledge of the an imals' plasma glucose level. Each coronal section was first inspected under the microscope at x 10, and an image of the infarcted hemisphere was projected onto paper via a drawing tube. Infarct boundaries, encom passing the zones of macrophage infiltration, were traced onto paper. Each tracing was then redrawn onto a digi tizing tablet (Summagraphics) interfaced to a PDP 11/44 minicomputer, which computed infarct areas. Areas of cortical and striatal infarction were separately quanti tated. Infarct volumes were determined by numerical in tegration of sequential infarct areas by means of the trap ezoid rule. In preliminary studies, we validated the preci sion of this strategy by performing five replicate planime tric measurements on a series of nine brain sections from a single rat having infarct areas of ascending size. A coef ficient of variation of 0.027 ± 0.015 (SD) was found for the areal measurement and 0.048 for the integrated infarct volume.
RESULTS
were no significant differences among normo-or hyperglycemic subgroups for either infarct model.
General histopathological observations
Model I. The zone of cortical infarction in these animals typically involved the dorsolateral and lat eral portions of the neocortex and extended from the anterior pole of the caudate nucleus to the level of the dorsal hippocampus and thalamus (Fig. IA) . Although the bulk of the striatum was usually spared, the dorsolateral striatal crescent was often infarcted. Microscopically, there was dissolution of all cellular elements and abundant lipid-laden mac rophages.
Model II. In this model, the striatum exhibited a prominent zone of infarction in all animals (Fig.  IB) , encompassing the entire dorsolateral segment and typically extending rostrocaudally throughout the striatum, to the basal surface of the forebrain. Infarction of the overlying neocortex was observed in only four rats of this series and was highly vari-
Physiological variables
A Physiological variables are summarized in Ta ble 1. Moderate hypercarbia, present in all animal groups, was probably attributable to the type of facemask used for anesthesia administration. There able in its extent (range 12.7-297. 7 mm3). The lack of consistent cortical infarction in this model can be attributed to the relatively short segment of the MCA that was photochemically thrombosed (�0.4-0.5 mm), so that collateral flow to the more distal MCA was not impeded. Other studies in our laboratory have shown that when the MCA is thrombosed over a 1.2-mm segment centered at the olfactory tract, consistent cortical infarction is pro duced (H. Nakayama et aI., submitted).
Relationship of plasma glucose level to infarct volume
Model I. In this series (n = 11), plasma glucose ranged from 5.9 to 31.2 f.Lmol/ml [mean 14.8 ± 9. 0 f.Lmollml (SD)]. The volume of cortical infarction averaged 64.1 ± 26.5 mm3 (range 30.3-108.4 mm3). Figure 2 (top left) depicts the relationship of plasma glucose to cortical infarct volume. Higher plasma glucose levels were strongly correlated with larger cortical infarct volumes: volume (mm3) = 2.06 x glucose (f.Lmollml)
In contrast to the volume of cortical infarction, striatal infarct size in this model averaged only 5.5 ± 6.9 mm3 (range 0-20.5 mm3). There was no cor relation between striatal infarct volume and plasma glucose level (r = -0.004) (Fig. 2, top right) .
Model II. In these rats (n = 13), the volume of striatal infarction was considerably larger than in Model I (mean 57.2 ± 21.2 mm3; range 14.4-96.4 mm3). Plasma glucose levels in this group of an imals ranged from 5.4 to 43.6 f.Lmol/ml. As shown in Figs. 2 (bottom right) and 3, there was a lack of significant correlation between plasma glucose level and striatal infarct volume (r = 0.13). As noted above, cortical infarction occurred only spo radically in this model, without regard for plasma glucose level (r = 0.22).
Semiquantitative assessment of neuronal injury adjacent to infarct
We also attempted to determine whether a rela tionship existed between blood glucose levels and the frequency of selective neuronal injury in brain regions adjacent to infarcted areas. Microscopic sections taken through the epicenter of the infarct and at its rostral and caudal boundaries were ana lyzed by an observer who was blinded to the exper imental conditions employed. Ischemic neuronal damage in a zone of a few hundred microns at the cortical and striatal margins was graded on a semi quantitative scale: 0 = no ischemic neurons; 1 = few; 2 = many; 3 = most neurons affected. In all rats, some eosinophilic neurons could be detected immediately outside the infarcted area. Grades of injury ranged from 1 to 2, with most brains exhib iting grade 1 changes. Thus, a relationship between blood glucose level and selective neuronal injury at the infarct margin was not established. As this rela tionship has been reported previously (Nedergaard and Diemer, 1987) , our negative result may have been due to the lack of sensitivity of the semiquan titative method of assessment; cell counting was not undertaken in this study.
DISCUSSION
The use of two different models of focal throm botic cerebrovascular disease was advantageous in allowing us to investigate infarcts situated in both the cerebral neocortex as well as the striatum, and thereby to gauge the influence of varying plasma glucose levels separately on each of these regions. The prominent cortical infarct produced by perma nent MCA and temporary common carotid artery occlusions in Wi star rats was markedly accentuated by preischemic hyperglycemia, whereas the size of the small striatal infarct in that model demonstrated no dependence upon plasma glucose level. MCA occlusion in Sprague-Dawley rats led to a much larger striatal infarct, but once again its size tended to remain invariant throughout a broad range of preischemic plasma glucose levels.
The deleterious effect of hyperglycemia on cor tical infarction is consistent with the observations of previous workers (Brint et aI. , 1985; de Courten Myers et aI., 1987; Nedergaard, 1987; Nedergaard and Diemer, 1987) . By contrast, the failure of the striatal component of the infarct to worsen in the face of elevated plasma glucose levels bears a simi larity to the results obtained in our previous studies of photochemically induced thrombotic cortical in farction (Ginsberg et aI., 1987) . Common to both infarcts is the occlusion of a microvascular or end arterial circulatory bed. In the model of primary photochemically induced brain infarction, paren chymal arterioles and venules are extensively thrombosed (Watson et aI. , 1985; Dietrich et aI. , 1987) , and there is an abrupt blood flow transition from near-zero levels within the infarct itself to nearly normal levels in the immediate surround (Dietrich et aI., 1986a) . Thus, it is virtually impos sible for collateral circulation to enter the infarcted zone. Similarly, the caudoputamen is nourished pri marily via the lenticulostriate branches of the MCA-a nonanastomosing (end-arterial) vascular supply (Grand, 1980) . The lenticulostriate branches were occluded in the present models, so that no In the striatum of both Models I (center) and II (right), infarct volume is independent of plasma glucose level. possibility existed of "rescue" from collateral cir culation. Our combined results would therefore suggest that hyperglycemia worsens the outcome of focal thrombotic infarction when the infarcted zone receives collateral supply (neocortical infarction in MCA occlusion), but fails to do so when the infarct is produced by occlusion of a nonanastomosing ar terial bed [striatal infarct in MCA occlusion and cortical infarct induced photochemically (Watson et aI., 1985) ]. Thus, when flow is severely and per manently reduced to a zone having no collateral supply, the extent of tissue injury appears to be de- termined overwhelmingly by the topography of the blood flow reduction per se and is insensitive to modulations of plasma glucose. By contrast, in the presence of collateral circulation, the degree of tissue acidosis in incompletely ischemic marginal zones may be modulated by the ongoing transport of glucose from blood to brain and its anerobic con version to lactic acid, the extent of which is in fluenced in turn by plasma glucose levels (Paljarvi et aI., 1983) .
In our previous study of photochemically in duced cortical thrombosis (Ginsberg et aI., 1987) we observed that hyperglycemia was associated with a modest but statistically significant diminu tion of infarct volume when compared with nor moglycemia. Nedergaard and Astrup (1986) have reported that MCA occlusion in normoglycemic Wi star rats gives rise to spontaneous transient de flections of the DC potential arising from the cor tical infarct rim, and this is associated with local elevations of 2-deoxyglucose phosphorylation, whereas in hyperglycemia DC potential deflections are greatly diminished and 2-deoxyglucose phos phorylation remains normal. These workers in ferred from their results that spontaneous recurrent transient increases of extracellular potassium oc curring at the infarct rim served as a stimulus to enhance glucose metabolism in normoglycemic rats, and that this stimulus was suppressed in the presence of hyperglycemia. Consistent with this, that group has observed a sharp transitional zone between infarcted and normal tissue (i. e. , dimin ished zone of neuronal necrosis within an intact neuropil) in hyperglycemic compared with nor moglycemic rats with MCA occlusion (Nedergaard and Diemer, 1987) . In our 2-deoxyglucose studies of photochemically induced thrombotic occlusion, we observed a greatly increased glucose metabolic rate within a zone of structurally preserved neurons at the infarct margin of normoglycemic rats (Die trich et aI., 1986b). The mild protective effect of hyperglycemia observed in that model (Ginsberg et aI., 1987) may thus have resulted from an inhibition of hypermetabolism-related neuronal death at the infarct periphery.
To summarize, hyperglycemia may be capable of exerting two opposing influences in the setting of focal cerebral ischemia: (a) augmentation of infarct volume in collaterally perfused brain regions and (b) mild protection against neuronal damage via in hibition of metabolically taxing recurrent depolar izations within viable neuronal pools in marginal zones. This complexity compounds the difficulty of extracting a coherent clinical message regarding the management of plasma glucose levels in patients with ischemic stroke. Hyperglycemia has been re ported to have an adverse influence on the outcome of clinical stroke (Pulsinelli et aI., 1983) , although other studies have yielded conflicting data (Mohr et aI., 1985) . The results of this and other studies sug gest that the harmful effects of elevated plasma glu cose in stroke might depend critically upon the spe cific topographic details of the lesion, the extent of local blood flow reductions, as well as the timing of glucose administration in relation to the ischemic event. For example, we would predict from the present data that lacunar infarction, which results from end-arterial occlusion (Fisher, 1982; Mohr, 1982) would not be worsened by hyperglycemia. Carefully constructed prospective clinical trials will be required if we are to resolve these perplexities in the human clinical setting. In the meantime, cau tion is advised as regards the administration of dex trose solutions to patients with acute ischemic stroke.
